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IN-HOUSE LABORATORY INDEPENDENT RESEAIRCH
FINAL REPORT

17 September 1971

I. Title: Vortex Tube Cooling

II. Project Director: Robert B. Sherfy
(Previously J. Palmer Dauphin and Oscar Oldberg.)

III. Objective: Investigate the operation and efficiency of the Vortex
Tube, the possibility of improvement in efficiency and the feasibility
of military applications.

IV. Background: A brief history and description of the Vortex Tube is
located in appendix III.

•V. Accomplishment during the Program:

A. FY 1970: The following accomplishments occurred during FY 1970.

1. A literary search was made for articles on books relating to

the Vortex Tube and its use. The list of 75 publications is

presented in appendix IV to this report. Also the Russian book
described in the next paragraph contains a reference list of 145
writings which complements this list.

2. The book "The VortexEffect and Itts Application in.
Technology" by A. P. Merkulov, 1969 (in Russian) was translated.

S3.1 A commercial 25 cfm tube was fitted with cooling fins on~the
hot end and ambient air was circulated past these fins. The

additional cooling of the hot side produced a 10. increase in cooling
capacity at the cold end.

4. Large Vortex Tubes were purchased for future low pressure
testing.

B. FY 1971: The following accomplishments occurred during FY 1971
in the Vortex Tube Program.

1. Low presb4re operational tests were preformed on a large
commercial Vortex Tube. The main purpose was to determine if a
"4worthwhile" increase in coefficient of performance (COP) occurred
at low inlet pressures. As described in the test report, appendix I,
the COP increased approximately from 0.08 to 0.12. See a further
discussion of these results in Section VI, conclusions.

2. A cursory review was made of the Russian book "The Vortex
effect and It's Application in Technology ", 1969 by A. P. Merkulov.
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In brief, it offers little new material but discusses at
length and at a technical level the Vortex effect, thermodynamic
analysis, practical applications and analyzes practical means of
increasing ýhe thermodynamic effectiveness of the tube. Good
coverage is\given to aircraft and industrial itses of the tube.

VI. Conclusions: The Vortex Tube has been the target of intensive
investigation since its invention in the 1930's. Improvements
have brought it to its present level of perfection and specific uses
in industry have made it a commercial off-the-shelf item., It's
main uses are for spot cooling such as for a ccoled suit for fire
fighters. The Vortex Tube's major advantages are small size and
weight, low cost, high reliability and low maintenance. It's
major disadvantage is it sipoor efficiency or low COP when considered
with a compressor needed to supply compressed -air. As mentioned
in appendix 1, the COP of the Vortex Tube - Air Compressor system
is only in the 0.05 to 0.12 range compared to, perhaps, 0.8 to 1.0
for thermoelectric and closed air cycle units and 1.0 to 1.4 for
military vapor cycle air conditioners.

With all of the work having been done on the Vortex Tube since
its inception, it is, perhaps, unusual that an exact explanation
of its action has not been proved. There are many theories of its
operation; some more plausible than others but none having been
proven totally correct. Obviously the action within the Vortex Tube
is a complex gas-dynamic process occurring in a turbulent stream
of viscous compressed gas. It is sufficiently complicated to defy,
thus far, attempts at complete analytical solution to the problem.

Vortex Tubes are now developed and effects are predicted
through the use of semi empirical formulae. The known relationships
which are most important in considering the Vortex Tube for military
cooling use are as follows:

1. The total mass flow (required inlet air flow) is proportional
to the absolute inlet pressure (PSIA). (Cold side discharges to
atmosphere.)

2. Most effecient operation appears to be between/4-.6 an$4 a .7
for most tubes.,,A - Cold mass fraction = cold side SCFM

inlet SCFU
3. Temperature relationships are approximately as follows for ideal
conditions with dehumidified air:.- (, j * Tc - JT) a (100 pyf)
(Th - Ti + JT) where: Ti is inlet air temp (0 F)

c is cold
h is hot
JT is Joule - Thompson effect which can be found

in thermodynamic tables but is roughly 4eF per 100 psis pressure drop.



The poor efficiency of the Vortex Tube - compressor system dictates "
that it be used only where the power penalty is not important or where
the specific use of the tube allows a much smaller amount of cooling
to accomplish the required purpose. These conditions coupled with the
tube's trouble free operation would make the Vortex Tube an attractive
solution.

Considering only the cost of furnishing power for air conditioning,
we find that if it takes 5 tons of cooling to air condition the crew
compartment of the Main Battle Tank, about 1/2 ton of cooling would
probably cool the crew ujixv cooled seats and gaspers (nozzles directed
at the person such as the aCJuucable air supply outlet in the overhead
console on commercial aircraft.) Now, if the vehicle had a readily
available source of compressed air, such as a compressor used also for
other purposes, or bleed air from a gas turbine, both the 6,000 BTUH
Vortex Tube and a 60,OOOBTUH vapor cycle would need the same power input
Zo accomplish roughly the same purpose, and therefore the Vortex Tube
would be the preferred solution by virtue of its small size, weight,
cost and high reliability. Under any other imaginable situation, the
Vortex Tube would be overlooked because of it's poor efficiency.

VII. Recommendations:

Since only special circumstances will justify the use of Vortex
Tube cooling, these special situations should be studied. This may
uncover the means whereby much needed cooling can be made practical
for fighting vehicles.

It is therefore recommended that no more time be spent on
attempts to improve Vortex tube efficiency, but that efforts be
directed toward the application of commercial Vortex Tubes for use
with cooled seats, gaspers, and other personal cooling and spot cool-
Ing devices.
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IN-HOUSE LABORATORY INDEPENDENT
RESEARCH

TEST REPORT

September 15, 1971

1. TITLE: Low pressure vortextube operation.

I1. PROJECT DIRECTOR: Robert B. Sherfy

III. OBJECTIVE: Study the operation of vortex tube at low pressures to
determine any-advantages over high pressure operation.

IV. ACCOMPLISHMENT:

A. Discussion: Tests were conducted at the USAMERIC, Fort Beivoir,
Va. air conditioning labo;ratory test facility during June of 1971. The
test item was a nominal 250 cfm commercial vortex tube, model 454-250,
manufactured by Vortec Corporation of Cincinnatti, Ohio (Formerly Fulton
Cryogenics, Inc.) The test item is deputed in Figure 5, and the test
set up is shown in Figures 6, 7 and 8. Tests were conducted at 10, 15,
20, 25 and 30 psig inlet pressure with a few readings taken at 80 psig for
comparison. It was found that the "building" air supply was dry enough so
that there was never any latent cooling involved in these vortex tube tests.

As with all vortex tubes the amount of cooling air-passing from the cold
side is controlled by a valve which restricts the issuance of air from
the hot end. At each inlet pressure, readings were taken at various hot
valve settings. Enough settings were used to obtain data describing the
temperature drop and cooling capacity curves shown respectively in Figures
I and 2 except that some data deficiency occurred where code tester
nozzles accuracy ranges were exceeded.

Other possible incurracies resulted from heat losses through insulation
and direct conduction between hot and cold portions of the vortex tube.
However, this test was intended to indicate results of a practical
application of the tube, rather than an "ideal" laboratory setup and
therefore served the required purpose. The resulting curves can be
compared with those of Vortec "advertised" data as shown in Figure 3
for 20 and 100 psig inlet pressures. It is suspected, that the Vortec
Bulletin air temperatures were sensed at a point inside the tube which
would yield a cold temperature lower than t t which mmiht be available
for practical use in an actual cooling application.
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Again* in order to indicate operation under "practical" conditions, the
coefficient of performance (C.O.P.) was calculated using actual compressor
power requirements, rather than theoretical air horsepower factor. The
resulting COP's, calculated in BTUH of cooling/BTUII equivalent of the
required actual compressor input, used the high points from the capacity
curves. COP values from test data are presented in Table 3 and from
Vortec "ideal" data (calculated on the same practical basis) in Table 5.

These COP values were plotted on Figure 4. The MERDC test data was In-
consistent and Inconclusive, mainly because of the attempt toward a
"practical application". The "ideal" curve, however, indicates the
trend toward a higher COP at lower inlet pressures.

We then find that optimum COP values range from 0.044 to 0.63 for test data
and from 0.083 to 0.121 for the "ideal" data. The ideal data indicates an
increase in COP of only 0.04 for a decrease in inlet pressure from 100 to
20 psig.

B. Conclusion: For a decrease in inlet pressure from 100 to 20
psig, there is only an increase in COP of 0.04. This small increase is
applicable to an already very low COP. For instance, the vortex tube
COP of 0.044 to 0.12 looks unatrective compared to, say, 0.8 to 1.0 for
Thermoelectric and closed air cycle air conditioners and 1.0 to 1.4 for
conventional vapor cycle units. Also, as inlet air pressure is decreased,
the vortex tube must increase in physical size for the same BTUH capacity.

At the same time, it must be remembered that the vortex tube itself is
relatively small in volume, is low in first cost, and is practically
maintenance free. It is when the source of compressed air is considered,
with its' inherent efficiency, size, weight, cost and maintenance require-
ments, that the vortex tube appears the worst. If a *free" source of com-
pressed air is available, the vortex tube becomes ideal for many purposes
of spot cooling.

B
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SYMBOLS MD ABBREVIATIONS

1. BHP - Brake horsepower.

2. BTUH - British Thermal Units per hour.

3. COP - Coefficient of performance.

4. Cp - Specific heat at constant press. (BTU/lb-oF).

5. #DA - Pound of dry air.

6. DB Dry bulb temperature OF.

7. DP - Dew Point F

8. GR - Grains of moisture

9. "NSA - Inches of Mercury pressure absolute.

10. "H20 - Inches of water pressure head.

11. mc Mass Air flov thru cold end (lb/sin).

12. Mh - Mass Air flow tbru hot end (lb/sin).

13. M - Mass Air flow in (lb/sin).

14. P Pressure PSIG.

15. PSA Pounds per square inch absolute.

16. PSIG Pounds per square inch guage.

17, Qc Cooling capacity (BT1WO.

I$. dM - Standrd cubic feet per ulmnte air flow.

19. T - T ampeture *F (Dry bulb unless othervisae noted)

20. At - Cha in te"rature s op).

21. WX - et bulb temperature u .

22. Vk in " ork inlpt (in units as Indicated).

23.A4- - Cold Air Traceion ML
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INSTRUMENTATION

1. Inlet Temperature - Type T Thermocouple, copper - constantan.
See also Item 2.

2. Potentiometer, No./OB.8, Honeywell model 15501836-01-01-2,
range - lO0to + 3000F, scale 359317-213, 120V, 60Hz, S/N
Y6803541001.

3. Inlet Dew Point Meter, No- AJ7, EG&G Mfg. Co., model 880,
SIN 260.

4. Inlet Pressure Gauge, USG, 0-200 psi, 1 lb. graduations.

5. Cold Side Dry Bulb Temperature, Brooklyn Thermometer Co.,
Thermometer No. 9B.3, length 16", range 30°to 122SF, gradua-
tions 2/10*F, S/NT7610.

6. Cold Side Wet Bulb Teuperaturv, BTC Thermometer No. 9B.12,
length 16", range 14*to 122*F, graduations 2/10OF, SIN P5763.

7. Cold Side Air Flow Measurement, ASHRAB Code Tester 17A.l. Used
Noxales 0.988" die, factor 5.763; 2.0", factor 23.5; 3.0",
factor 53.0.

8. Cold Side Flow Manometer No. 11B.4, inclined model 40335,
8/1T63742,raup 6", graduations 1/100"1, Marian Instrusent Co.

9. Cold Side Static Pressure Nanometer, inclined, range - 0.20 to
+ 2", graduations 1/100", F. V. Dweer Co., No. 11D3.2.

10. Rot Bide Dry Bulb Teaperature Type T Tbermocouple, Copper-cnstautan.
See also item 2.

11. 3t Side Air flow easureamet, ASDB Code Tester 17A.9. Womalee
"ised were 0.7517" dia, factor 3.243; 0.998W" factor 5.763-a 1.400",
factor 17,35.

12. Uot 81de 7iso Nagmiter, No. ,13.13, inclined, model 40 335, S/K
T459570 rampl 4", graduations 1/100%, Maria Instrument Co.

13, Not Side Static Pressure Nnmmter, inclined, No. 11D.1, raup
0.20 to 2", gradeations 1/100", 7. V. Dyer Co.
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APPENDIX II

IN-HOUSE LABORATORY INDEPENDENT RESEARCH

ANNUAL REPORT ON VORTEX TUBE COOLING

FY 1970

BY

J. PALMER DAUPHIN
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Fort Belvoir, Virginia 22060
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ANNUAL REPORT ON VORTEX TUBE COOLING

June 30, 1970
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Project Engineer

31r



TABLE OF CONTENTS

Table of Contents t.

Nomenclature t

Annual Report

1. Title1

2. Project Director 1

3. Objective 1

4. Accomplishments During FY 70 1

5. Future Plans 10

6. Fiscal Status 11

ii
,Li



I,

NOKOCL&ATURE

T1 Entering air temperature (cR)

T€ Cold air temperature (OR)

Tcs Isentropic cold air temperature (°P)

Th Hot air temperature (OR)

PI Entering pressure (psia)

Pc Cold end pressure (psia)

k Specific heat ratio (cp/cv)

a Fass flow (lb/min)

Cold air mass "low (lb/mmn)
MI

Hot air mass flow (lb/min)

JT Joule Thomson temperature drop resulting from pressure drop
(4°01 for air at 100 psig to 0 psig pressure drop)

f Relative temperature drop (T 1-Tc-JT)/(TI-Tcs)

u Cold air mass-fraction (mc/n)

v Hot air mass-fraction (Shln)

QC Coolinrg capacity (KMUN)

UV/



IN-HOUSE LABORATORY INDEPENDENT RESEARCH

ANNUAL REPORT

June 30, 1970

I. TITLE: Vortex Tube Cooling

II. PROJECT DIRECTOR: Oscar Oldberg/J. Palmer Dauphin

III. OBJECTIVE: Determine vortex tube efficiency improvement using
a finned hot tube and design and fabricate a low pressure vortex tube.

IV. ACCOHPLISHMENT DURING FY 70:

A. Backiround. The vortex tube is a "T-shaped" device (Figure 1)
with no moving parts. It separates a stream of compressed air into
two streams at lover pressures, one hotter than ai-d the other colder
than the entering stream. "Hot" and "cold" air temperatures can be
modulated by a change in proportioning of total air between the "hot"
and "cold" ends (accomplished with a va1ve at the '"ot" and). Fig-
ure 2 illustrates for a comnercially available vortex tube, tempera-
ture performance versus inlet pressure for various proportioninps of
total air. Notice the "cold" air has reached its minimum tempf-rature
at 40 pasig or less, and that greater percentages of "cold" air require
lower inlet pressure to achieve miniriem temperature. Further increaces
in pressure serve only to force more air through the device.

Compressed air enters the "hot! Lube tangentially creating a
rotating column cf air (resembling a tornado) stretching the length
of the "hot" end. This rotating air coluown is called a vortex and
in our case a "'ccced" vortex - i.c. of costant angular velocity (w)
at all ra4ii (r) in a given cross section - as oppos-d to a "free"
vrteax (a.-ostnt) where anolar velocity increases as radius
decreases and a constant energy level exists throunouc- the cross
section (conservation of angular momntum). Figure 3 illustrates the
velocity profile of a. tornado eross.secti~on: Peripheral velocity ist
smatl at large redil but increases in "free" vortex fashion as radius
decreases until viscosity of the air causes trnsition• to a "forced"
v-ortax amd tanential velocity than .decreses with radius decrease
tUe ,"r aotualW does work on itsel"f.causing this transtion. Veu-

aliiso t* .vorte at a 'athbtub drain" .ad thinkin* in terms of the
vortex tu.-: 1f ilrý otatet'nUwa'd from i peripheral radius of one ()
uanit (tawential 111"et) to a: drain at radius k unit ("1old6V tube),
teke o.ntural tendency is co estoblisb a "free" vortex vith the speed at.
the drain being twice the initial speed; for a "forced" vortex the
4h*14n s0eed will 'be t •he initial value. Kinet.ic energy (proportio.zal
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to square of speed) of air entering the drain will be 4 units for
"free" vortex flow versus k unit for "forced" vortex. Theoretically
speaking then, the "cold" air in a vortex tube will transfer 15/16
of its kinetic energy to the "hot" when the "cold" tube diameter is
half that of the "hot" tube.

The vortex tube is comparable to a radial-inflow turbine where
compressed air expands to high velocity then transfers a portion of the
velocity energy to a turbine wheel causing the wheel to rotate at
high velocity. The air is cooled when it transfers velocity energy to
the wheel doing work on the wheel. "Hot" air is the turbine wheel
in the vortex tube. A perfect such turbine will produce an isentropic
expansion producing a "cold" air temperature calculated from:

k-I

The vortex tube can produce approximately 64% of this isentropic tem-
perature drop when the cold mass fraction is near zero, an advance
from 557 during the past several years. However the temperature drop
decreases as more air is extracted "cold"; the reason is twofold:
First, there is less "hot" air thus less resistance to rotation,
resulting in higher "cold" air velocities entering the "cold" tube
(less energy transfer); second, the "hot" air grows rapidly hotter
increasing heat leakage into the "cold" stream. A finned "hot" tube
will help offset this latter condition.

B. Finned "Hot" Tube. An aluminum "hot" tube with fins was fabri-
cated and tested to determine effect on cooling performance. Figure
4 illustrates the modified vortex tube. Air at the temperature of
that entering the vortex device was circulated over the "hot" tube
at an average 550 ft/min velocity producing a 10% increase in cooling
capacity for 10 psig inlet pressure.

C. Low Pressure Vortex Tube, A literary survey revealed the
first book regarding the vortex. The book was published in Russia in
late 1969, and is entitled, "The Vortex Effect and Its Application in
Technology." A translation was performed through the MERDC Technical
Library and a copy is being reviewed. The literary survey indicated
no previous effort to design or determine performance of vortex tubes
operating from compressed air in the zero to 30 psig range. Several
investigators attempted to mathematically analyze flow and energy
separation within the vortex tube, but none succeeded because of the
complex equations involved.

The following design parameters were selected to provide a basis
for comparison with an air-cycle system proposed for another project:

Inlet-air mass flow - 24 lb/mmn
Inlet-air pressure - 10 psig
Inlet-air temperature - 90°F db dry air
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Dr. Darby Fulton, Vortec Corporation (commercial manufacturers of
vortex tubes), agreed to assist the design effort. Dr. Fulton is a
recognized authority with over twenty years of vortex tube experi-
ence. However, he suffered a cerebral hemorrhage during the design
effort leaving him unable to speak or use his left side. The decision
was made to base the design on the best available comnercial tube
operating from 10 psig compressed air. Figure 5 illustrates tempera-
ture versus cold mass fraction performance for the commercial tube
with 10 psig, 720 F inlet conditions. At 75%. cold fraction the tube
produces a 27 0 F drop, 36.7% of the isentropic temperature drop. It
flows 12.5 scfm of inlet air at 10 psig (75 scfm at 100 psig). The
military design requires 324 scfm at 10 psig. A diameter for the
military version was determined from the square root of required scfm
to actual scfm ratio (324/12.5). All remaining dimensions except
for the nozzles were proportioned to the diameter. The nozzles, used
to direct inlet air tangentially into the "hot" tube, were increased
in number from six to 18 to reduce the head diameter. Figure 6 pre-
sents the commercial and military tubes.

Performance of proposed tube should be the same as that in Figure
5. The following equation is proposed for calculating "cold" air
temperature in the 60% to 85%. cold fraction range:

- T -T~I( ) ][(.2S t.c1. )GJ)](2)
"Cold" air temperature varies linearly with inlet temperature for con-
stant cold fraction and cold to inlet pressure ratio:

`r \ .(3)
(wrw ....

And furthermore:

I --TC 0-,1 )2. (4)

Tables I, 11, and III indicate predicted cooling capacities calcu-
lated as follows:

Qc l.075(3 24 )(u)(T 1-Tc) (5)
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Item Commercial Military

(1) "Hot" Tube .870" I.D. 4.38" I.D.
(2) "Hot" End 11.75" 44.5"
(3) Overall 13.75" • 53.12"
(4) Air Inlet 2.25" 11.75"
(5) Head 1.875" I.D. 9.5" I.D.
(6) Inlet Tube j NPT 24 NPT
(7) "Cold" Tube 1 NPT 5 NPT
(8) "Hot" Valve 3/4 Globe Valve .2 Gate Valve

Modified

FIGURE 6

Commercial & Military Design Vortex Tubes 42
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TABLE I

72 0 F, 10 psig inlet conditions

Cold Fraction (u) .70 .75 .80 .85
Temp. Drop (T1-Tc) 28.2 26.9 25.1 22.5
Cooling Capacity (Qc) 6875 7027 6994 6661

TABLE II

90 0 F, 10 psig inlet conditions

Cold Fraction (u) .70 .75 .80 .85
Temp. Drop (T1 -Tc) 29.2 27.8 25.9 23.3
Cooling Capacity (Qc) 7108 7265 7230 6886

TABLE II1

4 1250 F, 10 psig inlet conditions

Cold Fraction (u) .70 .75 .80 .85
Temp. Drop (T1-Tc) 31.0 29.6 27.6 24.7
Cooling Capacity (Qc) 7560 7727 7691 7325

Although capacity increases with inlet temperature, "cold" air tem-
perature ircrearez also.

D. Discussion. A fan w.as used in the finned "hot" tube experi-
ment for blowing air over the fins, whereas a jet syphon would be
used in a finalized design. The jet syphon would utilize the "hot"
air velocity to induce airflow over the fins and increase capacity for
no additional operating cost. Also, a recuperator between inlet air
and "cold" air should Increase performance at no addition to operating
cost.

Z. Personnel. Oscar Oldberg, MERDC, performed the iUnned hot
tube experiment. Palmer Dauphin, MERDC, with assistance from
Dr. Darby Fulton, Vortee Corporation, performed the litex3ry survzy
and military tube design.

V. UIflLE MANS: Original plans to fabricate and test the proposed
military design have changed, largely due co cost. Instead, three
co•urcial tubes of various sizes were purchased for the equivalent
in-house fabrication cost for one military design. The largest of the
three tubes approaches the proposed military cube. Future plans now
involve testing the three tubes and deriving design equations.

43
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VI. FISCAL STATUS:

a. Funds allocated in FY 70 $8,270.00

b. Funds required in FY 71 4,000.00

c. Previous year funds available 0

Ii

II
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APPENDIX III

VORTEX TUBE HEATING/COOLING

Excerpted from USAHEROC Phauqhlet, subject as above,
dated 25 March 1969, from Environmental Equirnent

Division .
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APPENDIX III

Vortex Tube Heating/Cooling

The vortex tube, a device with no moving parts, emits cold air from one
end and hot air from the other end when connected to a source of com-
pressed air.

It was invented in the early 1930's by MG Ranque, however little was
known about it until the mid 1940's when rudolph Hilsch published his
studies on the device. It has also been called ,he Ranque tube, Hilsch
tube, Ranque-Hilsch tube, vortex generator, T-tube, or Separator tube.

The two basic types of vortex tubes are the direct flow and counterflow.
Both types have an inlet nozzle(s), a "hot" tube, "cold" tube, and throttling
valve; in addition, the counter flow type has an orifice plate.

The objective in all types of vortex tube is to establish a rotating mass
of air within the hot tube. This accomplished by locating the inlet nozzle(s)
perpendicular and tangent to the "hot" tube. As the compressed air enters
the "hot" tube from the nozzle, it expands and moves toward the center in a
screw-like fashion. The air speeds-up as it moves toward the center, much
like an ice skater spins faster as he pulls his hands in toward his body.

1.e now have a rotating mass of air which is in essence, a small tornado where
the velocity of the air is high at the center and slow at the periphery,
Due to t-he viscosity (internal function of the air, the faster air in the
center trys to speed-up the slower air at the periphery; thus the higher
velocity air tLansmitý part of its energy to the slower air. In other words,,
the 01: in t'- center does work on the air at the periphery. Since
* perature ls a measure of internal energy, th, center air is now colder
and the peripheral air hotter than the eir ttl;it entered through the nozzle.
By partly closing the throttling wive at the exit of the "hot* tube we
create a pressure in. that tub? and thus force the cold air in the center
out the "coldo tube.

The temperature of both ends can be modulated by varying the proportioning
of total air between the two ends. This would allow the use of a fluidic
thermostat and eliminate elettrical controls.



* S.

REFERENCE LITERATURE

ON THE VORTEX TUBE

APPENDIX IV



Reference Literature on The Vortex Tube

1. Alekseev, V. P. and M. S. Martynovskdi Izvestiya Akademli Nauk SSR,
Otdelenie Tekhnicheskikh Nauk, 71-79, (1956).

2. Arora, C., In: Congress of Theoretical and ' pplied Mechanics, 7th.
Froceedings, Pombay, India, p. 241-2J48, (1961).

3. Baker, P. S. and W. R. Rathkamp, Oak Ridge National Laboratory,
Tenessee, p. 47, (1959)o

#. Be,4amin, T. B.; Journal of Fluid Mechanics, Vol. 14, pp. 593-629, 1962.

3. Bok, I. E., South African Mechanical Engineer 6, p. 95-103, (1956).

6. Bock, I. Z., The South African Mecýhanical Engineer, p. 95-107, (Oct 1956).

7. Bornkessel, V., and J. Pilot, Zeitschrift fur Ynysikallsche Chemie
(Leipzig) _2_, 177, (1962).

8. Brodiansky, V. M., and I. L. Leites, Soy. Phys. - Tech. Phys. j,
ui-5o, (1962).

9. Comassar, S., Journal of Naval Engineers, p. 99-107, (1951).

10. Comassar Seymour., American Society of Naval Engineers Journal, 6,
99-108, (195:).

11. Deissler, R. 0. and M. Perlmutter, International Journal Heat and
Mass Transfer, 3., p. 1-73-91, (1960).

12. Deiseler., R. G. and M. Perlmutter, In: California University, Berkeley.
Heat Transfer and Fluid Mechanics Institute. Proceedings., p. 40-53)
(1960).

13. Eckar, E. R. G., and J. P. Hartnett, Armour Research Foundation of
Illinois Institute of Technology, (1956).

14. Einstein, H. A. and H. L. Li, Proc. Heat Transfer and Fluid Mech. Inst.,
*Stanford University Press, Stanford, California, p. 33-43, (1951).

15. Elser, Karl, and Michael Hoch, Zeitschrift fur Naturforschung, 6a,
25-33, (1951).

16. Erdelyi, I., Forschungsarbeiten auf dem Gebiete des Ingenleurwesens
8, 181-186, (3.962).

17. Fulton, C. D. Mass. Institute of Technology, Refrigerating Engineering
., 473-479, (1950).

18. Fulton, C. D.p Refrigeration Engineering, Vol. 58, p. 473-479, (MAY 19350).

3.1



19. Mton, C. D. Refrigeratiug Engineering 2, P" 9, (1951).

20. Gulyaev, A. I., Soviet Physics - Technical Papers, Vol 10, No 10,
p. 1441-14.49, (April 1966).

21. Haddox, Roy, Jr., John W. Hunter, William H. Plunkett, Thesis,
Mass. Institute of Technology, (1947).

22. Hartnett, J. P. and E. R. G. Eckert, Trans. AD V, p. 751-8,(1957).

23. Hartnett, J. P., Eckert, B. R. G., Transactions of the ACM, p. 751-758,
June 21-23: 1956.

24. Harve J. K., Journal of Fluid Mechanics, Vol. 14, part 4, p. 585-592,(1962).
25. HBusch, R., The Review of Scientific Instruments, Vol. 18, No. 2,

p. 108-113, (Feb 1947).

26. Hilsch, R., Rev. Sci. Institute, p. 108-113, 18., (1947).

27. Hoffman, EB Re and P. M. Jaubert, Journal Fluid Mechanics, 16, p. 395-
4n, (1963).

28. Kassner, Rudolph and Knoernschild, Technical Report No. F-TR2198-ND
G05-USAF, Wright-Patterson Air Force Base No. 78, (1948).

29. Kendall, James M. Jr., Jet Propulsion Laboratory, Technical Report
No. 32-290, (1962).

30. Kerrebrock, J. L., and R. V. Meghreblian, Journal Aerospace Science..
V28, P. 710, (1961).

31. Keyes, J. J., Jr., In: Californla University, Berkeley Heat Transfer

and Fluid Mechanics Institute. Proceedings. p. 31 146, (1960).

32. Keyes, J. J., Stanford University Press, p. 31-46, (1960).

33. Lay, J. E., p. 202-22, Journal Heat Transfer 81, (1959).

34. Lewellen, W. S., Journal of Fluid Mechanics, Vol. i4, p. 42D-432,

(1962).

35. MacGee, R. Refrigerating Engineering, 5, 974-975, (1950).

36. MacGee, I. Jr.; Refrigeration Engineering, Vol-. 58, P. 974-975, (1950).

37. Martynovskii, V. S. and V. P. Alekseev, Soviet Physics Technical,
Physics, _I, p. 2233-43, (1957).

2



38. Martynovskii, V. S. and Alekseev, V. S., Soviet Physics Technical
Papers, p. 2233-22143, (1956).

39. MaKtyrovskii, V. S. and V. P. Alekseev, Teploenergetica, g, 31-344,
(1955).

40. Metenin V. I., International Che:kical Engineering, Vol 4, No 3,
p. 461-46ý, (July 1964).

11. Otten, Lt. Cmdr. E. H., Engineering, 186, 154-156, (1958).

42. Pengelley, C. Desmond, Journal Applied Physics, 28, 86-92, (1957).

43. Pengelley, C. D., Journal Applied Physics, Vol 28, No 1 (1957).

•14. Pengelley, C. Desmund, Southwest Research Institute, San Antonio,
Teyas, (1955).

145. Pinchak, Alfred C. and Robert Poplawski Aerospace Research Lab-
oratories, AIAA Paper No. 65-400, (19655.

46. Plank, R., Refrigeration Engineering, Vol 59, p. 52-53, (Jan 1951).

47. Ranque, G., Journal Physics Radium, Vol 7, wo 4, 112, (1933).

48. Reynolds, A. J., Journal. of Fluid Mechanics, 14, p. 18-19, (1962).

49. Reynolds, A. J., Zeitschrift fur Angewandte Mathematik und Physik,

.343-345, (1961).

50. Reynolds, A. J., F. Angew, Moth. Phys., 12, 149, (1961).

51. Reynolds, A. J., F. Angew, Math. Phys., 12, 149, (1961).

52. Reynolds, A. J., Journal of Fluid Mechanics, Vol 114, p. 18-20, (1962).

53. Rosenzweig, M. L., D. H. Ross, and W. S. Lewellen, Journal of the
Aerospace Sciences &, 1142-143, (1962).

54. Savino, J. M., Ragsdale, R. 0., Journal of Heat Transfer, p. 33-38,
(Feb 1961).

55. Savlno, J. M., Ragsdale, R. 0., American Society of Mechanical
Engineers. Transactions. Journal Heat Transfer, 83C, 33-38, (1961).

56. Scheper, G. W. Jr., Refrigeration Engineering, Vol 59, p 985-989,
(Oct 1951).

57. Scheper, G. W. Jr., Refrigerating Lngineering 5, p. 985-9, 1018,(1951).

3"



58. Schoenherr, K. E., Trans. of the Soc. of Naval Architect and Marine

Engineering," Vol 40, p. 279-313, (1932).

59. Schowalter, W. R., and H. F. Johnstone, American Institute of Chemical
Engineers, jourrna 6, 64&655, (1960).

60. Schultz-Grunow, F., Refrigerating Engineering, a, 52-53, (1951).

61. Schultz-Grunow, F. In: Theory & Fundamental Research in Heat Transfer,
Annual Mieeting of the American Society of Mechanical Engineers,
Nov. 1960, p. 87-103, New York, Pergamon Press, (1963).

62. Sibulkin, M., Journal of Fluid Mechanics, 14, p. 21-24, (1962).

63. Sibulklin, M. Journal of Fluid Mechanics, Vol 12, p. 148&158,
p. 269-293, (1961).

64. Sibulkin, M., Journal Fluid Mechanics, L2, p. 3.4&158, (1962).

65. Sibulkin, M., Journal Fluid Mechanics, 12., p. 269-293, (1962).

66. Sibulkin, M., Journal Fluid Mechanics, 11, p. 291, (1960).

67. Suzuki, M., Scientific Papers of the Institute of Physical and Chemical
Research, Tokyo, Japan, Vol 54, No 1, p. 43-87, (Mar 1960).

68. S Mzuki, M. Institute of Physical and Chemical Research (Tolqro)
Scientific Papers, ), 42-87

69. Takahama, H., USME, Vol 8, No 31, p 433-44o, (1965).

70. Torocheshnikov, N. S., I. L, Leites, and V. Brodyanskii, Soviet

Physics-Technical Physics, 3, L144-I150, (1959).

71. Van Deemter, J. J., Applied Science Research, Section A, Vol 3,p. 174-3196, 1952.

72. Van Deemter, J. J., Applied Science Research, A• p. 174-96, (1952).

73- Vivian, C. H., Compressed Air Magazine, 68, 26-28, (1963).

74. Webster, D. S., Refrigeration Engineering, Vol 58, p 163-171, (Feb 1950).

75. Merkulov, A.P., The Vortex Effect and It's Application in Technology
(Book in Russian) 267 pages as translated) 1969 (translated in 1970).

4


